The microbial desalination cell (MDC) is known as a newly developed technology for water and wastewater treatment. In this study, desalination rate, organic matter removal and energy production in the reactors with and without desalination function were compared. Herein, a new design of plain graphite called roughened surface graphite (RSG) was used as the anode electrode in both microbial fuel cell (MFC) and MDC reactors for the first time. Among the three type of anode electrodes investigated in this study, RSG electrode produced the highest power density and salt removal rate of 10.81 W/m 3 and 77.6%, respectively. Such a power density was 2.33 times higher than the MFC reactor due to the junction potential effect. In addition, adding the desalination function to the MFC reactor enhanced columbic efficiency from 21.8 to 31.4%. These results provided a proof-of-concept that the use of MDC instead of MFC would improve wastewater treatment efficiency and power generation, with an added benefit of water desalination. Furthermore, RSG can successfully be employed in an MDC or MFC, enhancing the bio-electricity generation and salt removal.
INTRODUCTION
Wastewater treatment and desalination technologies are known as energy-consuming processes. A large proportion of the energy usage in treatment processes is provided by fossil fuels. In order to reduce the dependency on fossil fuels, renewable energies provide alternative power sources. At the current stage, application of renewable energy such as solar, wind and geothermal energy sources costs even more than conventional energy sources (Ping & He ) . However, in view of long-term operation, environmental benefits may balance the high costs of renewable energy sources (Elimelech & Phillip ) .
The microbial fuel cell (MFC) has emerged as the most promising green technology for simultaneous power generation and wastewater treatment to fulfill the energy crises in the last decades (Jafary et al. ; Noori & Najafpour Darzi ) . Bioenergy from organic wastes as a cost-effective energy source may be used to drive several different processes, including desalination. Maximum environmental benefits can be achieved by integrating wastewater treatment with desalination (Sevda et al. ) .
A microbial desalination cell (MDC) is derived from the integration of an MFC and electro-dialysis process. This process provides a driving force through microbial metabolism of organic matter (Rahimnejad et al. ) . Cao et al. () introduced the first conceptual threechamber MDC and achieved 90% salt removal using ferricyanide catholyte. Over the last few years, the conventional three-chamber MDCs were modified and enhanced with different configurations (Meng et al. ; Kokabian & Gude ) . Despite the significant interests in the MDC process, there are still some challenges that must be addressed toward further development (Kokabian & Gude ; Zhang & He ) . One of the main obstacles facing the use of fuel cells in large scale application includes complex fabrication, high cost and the low activity of electrode materials. Consequently, many efforts have been taken to introduce alternative inexpensive electrode materials that can be fabricated at low cost and achieve high output power (Chen et al. ; Brastad & He ) . Electrode design and configuration are the key components for developing MDCs in large scale application (Chen et al. ) . During recent decades, many types of electrodes have been employed for fuel cells. Bio-electrodes (bio-anode and bio-cathode) and chemical electrodes (air-cathode) are two commonly used groups of electrodes. Each group has some specific characterizations. Bio-electrodes are not only a conductor but also a carrier of microorganisms. Hence, some special surface characteristics, including large surface area, high surface roughness, efficient electron transfer capacity and exceptional biocompatibility, are essential for a proper function of the bio-electrodes. One of the most common groups of material used as bio-electrodes is carbonaceous materials. They have enough conductivity, high chemical stability and relatively low cost (Wei et al. ) . According to the configuration, carbon-based electrodes are classified into three categories: plane structure, packed structure and brush structure. Plane structure materials have relatively lower cost with respect to packed and brush structures. Carbon paper, graphite plates and carbon cloth (CC) are the most common materials for plane electrodes (Sun et al. ) . Carbon papers are very thin, partly stiff and brittle. Graphite plates have a smooth surface and compact structure. They also have a higher strength than carbon paper. In comparison with graphite plates, CC is more flexible and much more porous, providing more surface area for bacterial growth. Carbon felt is also a plane material used for electrodes. It is thicker than carbon paper and CC. The loose texture of carbon felt provides more space for bacterial growth compared to CC and graphite sheets. However, the growth of bacteria in carbon felt is more likely to be restricted by the mass transfer of substrate and products on its inner surface (Wei et al. ) . In order to enhance bacterial attachment to the electrode and improve electron transfer between microorganisms and electrodes, surface modification has become a new topic of interest in the research field of fuel cells.
This study attempts to investigate the above challenges using a unique design of plain graphite (PG), called roughened surface graphite (RSG), as an anode electrode which has not been employed in MDCs so far. In addition, despite the fact that the MDC concept was derived from the MFC process, there is not much research that compares the performance of MFC and MDC under the same condition. If one wishes to use the results of those findings, the difference between MFC and MDC should be known well. Therefore, in this work, cell performance, desalination rate and chemical oxygen demand (COD) removal in MDC using three different types of anode electrode were compared with a two-chamber MFC.
MATERIALS AND METHODS

Reactor construction
In this study, three similar MDCs and one MFC were constructed from polycarbonate in cubic shapes. MDCs were fabricated similarly to MFC with an additional chamber between anode and cathode compartments. Figure 1 presents the schematic diagram of MFC and MDC in the laboratory. The MDC consisted of three chambers (anode, desalination in the middle and cathode) which were clamped together and separated by an anion exchange membrane (AEM) and a cation exchange membrane (CEM) supplied by Mega (Czech Republic). The MFC was constructed of two anode and cathode compartments which were separated by a CEM. The volume of anode and cathode chambers after inserting electrodes in all reactors was 200 mL, and the volume of the desalination chamber in MDC reactors was 50 mL. The catholyte solution in all reactors was exposed to the air (the cathode chamber was open from above) and dissolved oxygen in the solution was used as the electron acceptor. Three MDCs were set up in the laboratory for comparing the performance of different anode electrodes. RSG was used as the anode electrode in MDC#1; two other electrodes consisting of CC (MDC#2) and PG (MDC#3) were employed in two other MDC reactors. The MFC was only operated with RSG electrode. In addition, cathode electrodes were made of CC in all reactors.
In order to produce a roughened surface on the PG electrode, some 2 mm vertical and horizontal paths were designed on all surfaces of the graphite. Some irregular holes also were made to increase the surface of graphite electrodes. The CC and graphite were washed for 48 h with 1 M HCl and rinsed with deionized water to remove trace metals. The reactors were operated at the exactly same condition. The anode and cathode electrodes were connected through the copper wire over an external resistance of 100 Ω. All experiments were conducted in batch mode and room temperature. Open circuit voltage (OCV) was run without any external resistance.
Medium and operating conditions
The anode compartments of the MFC and MDCs were fed with the same phosphate-buffered sodium acetate solution, which contained (per litre of deionized water): The cathode compartments in the all reactors were fed with only phosphate buffer solution containing (per litre in deionized water) 4.4 g KH 2 PO 4 and 3.4 g K 2 HPO 4 ·3H 2 O. The middle chamber in MDCs was filled with saline solution. In most cases the concentration of NaCl solution was 35 g/L; otherwise, the exact values are stated. Anolyte and catholyte and salt water solutions were replaced every three days in order to maintain enough nutrients supply. After a stable output power, MFC and MDCs were further operated for two cycles.
Analyses and calculation
The cell voltage (E, V) of the reactors across the external resistor (R e ) was recorded every 20 min using a data acquisition system (KT210, Kimo, France) connected to a computer. The current (I, A) through the electrical circuit was calculated by the equation I ¼ E/R e . The power and current densities were measured based on the anode working volume. All samples were analyzed in triplicate.
For the centrifuged samples, COD concentration was measured according to the standard method using a spectrophotometer (UNICO 2100, USA) at a wavelength of 600 nm. The pH was measured using a pH meter (pH211, Hanna, Italy). Salt removal rate was determined by conductivity measurement using a conductivity meter (EC215, Hanna, Italy). The salt removal was calculated by Equation (1):
Coulombic efficiency (CE) indicates efficiency with which electrons are transferred in a process, facilitating an electrochemical reaction. The coulombic recovery (CR) describes the ratio of total transferred electrons from the anode to the total electrons available in the anode chamber. CE, CR and energy harvest rate (ϑ, coulomb per hour) were calculated by Equations (2)- (4), respectively:
where I i (A) is the output current of MDC at time t i , t i (s) is the interval over which data are collected, F is the Faraday constant (96,485 C/mol e À ), b is the number of mole of electrons produced per mole of COD (4 mol e À /mol COD), ΔC is the COD removal within time t (g/L), C total is the total input COD in anode chamber (g/L), V is the anode volume (L) and M is the molecular weight of oxygen (32 g/mol). At the end of the experiments, the MDCs were dissembled. The structure of biofilm on the anode electrodes was analyzed by scanning electron microscopy (SEM, VEGAII, Tescan, Czech Republic). The following procedure was used to prepare samples for analysis: samples were fixed by 2.5% glutaraldehyde, then dehydration of samples was completed with a graded ethanol series: 20%, 40%, 60%, 80% and 100% (10 min each); then, the prepared samples were left in absolute ethanol for 20 min. The samples were stored at room temperature over the night to evaporate the ethanol completely.
RESULTS AND DISCUSSION
Power and electricity generation Synthetic wastewater was used as the substrate in all reactors. The maximum OCV obtained in the MDC#1 (using RSG electrode), MDC#2 (using CC electrode) and MDC#3 (using PG electrode) was 946 ± 24, 891 ± 17 and 790 ± 11 mV, respectively. In the MFC, the maximum OCV of 736 ± 18 mV was achieved during every single batch cycle. When OCV variation showed a stable change during two sequential batch cycles, polarization curve studies were performed to estimate the internal resistance and maximum power density of the reactors. Both polarization and power density curves were plotted by measuring the stable voltages generated at external resistances ranging between 1 and 50,000 Ω (Figure 2 ) (Watson & Logan ) .
Based on polarization data, MDC#1 achieved the highest maximum power densities (10.81 ± 0.52 W/m 3 ), which was substantially greater than that in MFC (4.64 ± 0.63 W/m 3 ) for anode volume of 200 mL. The higher power and current density in MDC may be due to the fact that desalination can improve electron transfer and enhance bioelectricity production. The concentration difference between electrolytes in a three-chamber MDC produces a liquid junction potential or diffusion potential which is a source of energy generation (Kim & Logan ) . The magnitude of the potential heavily depends on the relative speeds of the ion movement and concentration gradient. A high initial salt concentration in the middle chamber of MDC would increase the junction potential. The higher power density obtained in MDC compared to MFC can be explained by the higher junction potential produced in the three-chamber MDC.
The comparison of power generation in MDC reactors indicated that maximum power density was clearly affected by the type of anode electrode. The maximum power density in MDC using CC and PG was 9.37 ± 0.89 and 7.1 ± 1.1 W/m 3 , respectively. The results revealed that MDC using RSG electrode had relatively higher power production compared to MDCs using CC and PG electrode. The variation of power density was coincident with the salt removal variation further discussed in the 'Desalination performance' section. In addition, the power densities obtained in this study were higher than data achieved by MDC using carbon paper electrodes and photosynthetic bio-catholyte (1.1 W/m 3 ) (Kokabian & Gude ) . Many factors may affect the power generation scale including bacterial activities, concentration of electrolytes, internal resistance, electrode spacing and potential junction. The reported power densities were consistent with an internal resistance of about 100, 100, 96 and 81 Ω in MDC#1, MDC#2, MDC#3 and MFC, respectively. MDC showed a higher internal resistance compared to MFC, which was mainly because of adding the desalination compartment and AEM between anode and cathode chambers. However, it was found that the impact of the high internal resistance on MDC performance is likely offset by junction potential effect.
MDCs have several functions which lead to different products such as power production or desalinated water. It is desirable to focus on just one of the products, as the MDC operation will differ significantly. When the main purpose of MDC is to achieve electric energy and power production, the MDC should be run at its highest power output (leading to the lower current production and lower salt removal rate). However, if the water desalination is the main function of MDC, it should run at the highest current (leading to a lower output power generation). In this case, power output can be used by following desalination process such as reverse osmosis. In this article, the highest power condition was considered, to make a better comparison between MFC and MDC performance. However, the Current output was significantly influenced by the type of anode electrode in MDC reactors. MDC#1 produced the highest current of 6.45 mA, followed by 4.29 mA with MDC#2 and 4.04 mA with MDC#3. Current generation decreased gradually throughout the batch cycle and reached to the lowest value of 4.18, 2.72 and 1.33 mA in MDC#1, 2 and 3, respectively, at the end of cycle. In MFC, current production decreased from 5.53 mA to 1.3 mA with a relatively similar pattern during the cycle. The decline in current generation can be explained by increasing the internal resistance due to conductivity reduction and gradually decrease in acetate concentration (Luo et al. ) . The higher current in MDC compared to MFC is a result of the junction potential developed at the boundary of two electrolytes. The previously reported studies demonstrated that a junction potential of up to 0.2 V is created by a three-chamber MDC employed for brackish water and wastewater treatment (Kim & Logan ; Ping et al. ) . The current generated in this study was higher than current produced in other research, which reported 3.22 mA using carbon felt electrode and potassium ferricyanide catholyte in a three-chamber MDC (Wen et al. ) . The relatively high current achieved in this study can be related to the thickness of biofilm produced on the surface of anode electrodes. The biofilm grown on the anode electrode improved the exoelectrogenic bacteria activities in MDC#1 and MFC. A fully developed biofilm can produce more electrons and consequently a higher current (Saeed et al. ) . High current can also be attributed to the use of a narrow desalination chamber (Kim & Logan ) . Some previously reported MDCs achieved higher current value which was likely due to using potassium ferricyanide catholyte and higher acetate concentration in the anode chamber under continuous condition (Brastad & He ) .
COD removal and coulombic efficiency
The COD removal rate in four bioreactors is presented in Figure 4 (a). Organic matters in the anode compartment of MDC#1 were considerably consumed by the high population of microorganisms grown on the surface of anode electrode. Comparing COD removal in MDC and MFC indicated that the COD removal in MDC#1 was 37.8 ± 4.26, 58.8 ± 3.24 and 84.85 ± 3.5%, after 24, 48 and 72 h, respectively, while the corresponding COD removals for the MFC reactor were 32.2 ± 1.6, 50.3 ± 3.46 and 73.1 ± 5.2%, respectively. The low COD removal throughout the first 24 h in all reactors might be related to the possibility of side-reactions like growth of methanogenesis bacteria, which occurs at the high concentration of substrate. However, the COD removal increased gradually over the batch cycle due to the adaptation of microorganism in the system. The relatively higher COD removal in MDC#1 compared to MDC#2 and 3 can be explained by the higher bacterial population on the anode electrode. Therefore, microorganisms would release more electrons which result in decreasing the anodic potential and increasing the cell voltage. The achieved COD removal percentages are comparable with other studies which employed carbon graphite fiber brush for anode electrode in MDC (Qu et al. ) . CE value in MDC#1 increased sharply to 30% in the first 36 h and slightly improved to 31.4% by the end of the cycle. The CE percentage for MDC#2, MDC#3 and MFC also increased to the peak level of 25.75, 28.8 and 27.3% during 36 h, and then dropped gradually to 24.81, 18.96 and 21.8% for the rest of the cycle, respectively. The result showed 9.57% higher coulombic efficiency in MDC#1 compared to MFC, because the desalination chamber in MDC prevented oxygen diffusion from the cathode chamber to anode chamber. The low CE in MDC#3 was partially due to the fact that organic loading rate in the anode compartment was more than what the electrochemically active microorganisms could handle. However, organic loading concentration was still consumed by other co-existing organisms in the anode community. Comparing obtained results with other previous research revealed that the CE obtained in this study was lower than MDCs using bio-cathode, aircathode or ferricyanide (Wen et al. ) . The relatively low CE achieved in this study can be attributed to the low redox potential of electron acceptors in the cathode chamber. However, the obtained results are comparable to a previously reported MDC using real wastewater in the anode and phosphate-buffered ferricyanide solution in the cathode (Luo et al. ) . The average energy harvest rate for MDC#1 to 3 and MFC were 0.164, 0.12, 0.082 and 0.099 C/h; respectively. It can be concluded that MDC#1 could harvest about 65.6% higher energy than MFC. The overall CR percentage in MDC#1 to 3 and MFC were 26.6, 19.7, 13 .3 and 16%, respectively. The obtained CRs in all reactors were higher than that of an MDC using photosynthetic bio-cathode (Kokabian & Gude ) .
Desalination performance
In addition to the higher percentage of wastewater treatment and power generation, salt removal in the middle chamber of the MDC is another advantage of MDC with respect to MFC. Figure 4 (b) depicts total NaCl removal and conductivity of brine solution with an initial salt concentration of 35 g/L. The conductivity of the salt water in all desalination chambers reduced during the stable operation. The salt water desalination in the middle chamber of MDC#1 was more efficient than MDC#2 and MDC#3, based on conductivity variation and salt removal. At an initial salt conductivity of 54 ± 0.56 mS/cm, MDC#1 was able to produce desalinated water with a conductivity value of 12.1 ± 0.89 mS/cm during every single batch cycle, while the corresponding data for MDC#2 and MDC#3 were 16.3 ± 0.64 and 24.6 ± 0.96 mS/cm. It can be concluded that desalination in MDC was partly accomplished by the driving force produced through microbial metabolism. As shown in Figure 4 (b), the desalination rates of MDCs using different anode electrodes indicated a decreasing trend of 77.6% (MDC#1) > 69.8% (MDC#2) > 54.4% (MDC#3) over a batch cycle. The higher salt removal in MDC#1 compared to other MDC reactors can be explained by higher current generation. In MDC#1 the higher population of microorganisms played a main role in the higher salt removal. The salt removal rate in MDC#3 was comparatively low because the electron supply was not sufficient for NaCl removal. It is important to note that there was negligible change in solution conductivity in the open circuit mode. These results are comparable to the findings from other studies (Meng et al. ) .
The variation of pH
The change of pH in all reactors is shown in Figure 5 . MDC reactors showed gradual pH changes in the anode and cathode compartments. The initial pH of all reactors in the anode and cathode was 7.1 ± 0.08 and 6.95 ± 0.1, respectively. In MDC#1, the anolyte pH decreased to 5.6 ± 0.09 and the catholyte pH increased to 8.98 ± 0.05 over the batch cycle. Anolyte pH of MDC#2 and 3 also dropped to 5.73 ± 0.1 and 5.81 ± 0.09, respectively. Catholyte pH of MDC#2 and 3 showed a growth to 8.82 ± 0.1 and 8.52 ± 0.05, respectively. The higher pH changes in MDC#1 compared to MDC#2 and 3 was due to the higher salt removal and desalination efficiency.
In MFC, the anolyte pH decreased from 7.1 ± 0.18 to 6.44 ± 0.1 and catholyte pH increased from 6.95 ± 0.1 to 7.51 ± 0.09 during the cycle. These results demonstrated that the pH of the anolyte and catholyte in MFC had a lower variation compared to MDC. The higher pH variation in MDC can be due to transfer of Cl À ions to the anode chamber and production of some acidic conditions. The pH of catholyte solution increased due to the consumption of protons. Hence, MFC has an advantage over MDC, with more stable pH fluctuation. The low anolyte pH is not beneficial for bacterial activity, and increasing the catholyte pH may result in potential losses of 0.095 V per unit of pH (Werner et al. ) . The obtained results indicated that in spite of using buffer solution in all reactors, some pH variation was observed between the electrolytes in the anode and cathode chambers of MDCs. It can be concluded that low concentration of phosphate buffer may not be sufficient for pH control in MDC. Thus, in order to maximize the extent of desalination and power densities in the MDC, the pH imbalances should be minimized (Luo et al. ) .
Biofilm imaging
Three types of electrodes used in the experiments are shown in Figure 6 (a)-6(c). Through the visual inspection, it was observed that the surfaces of used RSG and CC were completely covered by a gel-like layer which was produced by bacteria embedded in the extracellular matrix. Figure 6 (d)-6(i) show the SEM images of fresh and used anode electrode in the MDC#1, MDC#2 and MDC#3. The images revealed that the fresh RSG and PG electrodes have a spongiform surface before use in the anode compartment. The biofilm produced on the used RSG showed a complex, dense multilayer structure distributed on the whole surface of the electrode, while the surface of PG electrode presented a non-uniform distribution of microbial clumps dispersed on the surface of the electrode. In addition, the SEM image of the used CC electrode demonstrated the formation of dense uniform biofilm on the thread surface of CC. A similar biofilm morphology has also been reported in anodic biofilms fed with acetate fuel (Jung & Regan ; Katuri et al. ) .
CONCLUSIONS
In this study, a new design of anode electrode called RSG was examined in an MDC reactor. The performance of MDC using three types of anode electrode was compared to a two-chamber MFC reactor. Adding a desalination compartment to the MFC reactor produced 11.75 and 9.57% growth in COD removal and coulombic efficiency, respectively, due to preventing air diffusion from the cathode chamber to anode chamber. The maximum power density in MDC was also 2.33 times higher than in the MFC reactor because of junction potential. In addition, the use of RSG electrode instead of CC and PG electrodes resulted in the highest power production and coulombic efficiency of 10.81 W/m 3 and 31.4%, respectively, with 77.6% salt removal in the middle chamber. The results here collectively demonstrated that adding the desalination function to MFC improved power generation, current production, COD removal rate and coulombic efficiency with an added benefit of water desalination. However, MDC also produced more pH fluctuation in anolyte and catholyte solutions. In addition, notable differences were observed in morphological appearance of anodic biofilms, indicating that the bacterial population on the anode electrodes significantly affected performance of MDCs. The result suggests that using RSG electrode in the anode compartment led to the higher efficiency in salt removal, wastewater treatment and power density compared to PG and CC electrodes.
